For most chemists and physicists, electron spin is merely a means needed to satisfy the Pauli principle in electronic structure description. However, the absolute orientations of spins in coordinate space can be crucial in understanding the magnetic properties of materials with unpaired electrons. At a low temperature the spins of a magnetic solid may undergo a long-range magnetic ordering, which allows one to determine the directions and magnitudes of spin moments by neutron diffraction refinements. The preferred spin orientation of a magnetic ion can be predicted on the basis of density functional theory (DFT) calculations including electron correlation and spin-orbit coupling (SOC). However, most chemists and physicists are unaware of how the observed and/or calculated spin orientations are related to the local electronic structures of the magnetic ions. This is true even for most crystallographers who determine the directions and magnitudes of spin moments because, for them, they are merely the parameters needed for the diffraction refinements. The objective of this article is to provide a conceptual framework of thinking about and predicting the preferred spin orientation of a magnetic ion by examining the relationship between the spin orientation and the local electronic structure of the ion. In general, a magnetic ion M (i.e., an ion possessing unpaired spins) in a solid or a molecule is surrounded with main-group ligand atoms L to form an MLn polyhedron, where n is typically 2 -6, and the d-states 
Introduction
An important role of a theory is to provide accurate predictions that can be tested by experiments. At the current level of DFT calculations including electron correlation and SOC, the preferred spin orientations of magnetic ions in a given magnetic solid can be easily determined by calculating its total energy as a function of their spin orientation. The results of such calculations are mostly in agreement with the spin orientations observed at low temperatures by neutron diffraction refinements. However, these calculations and experiments present no information about how the calculated and observed spin orientations are related to the local environments of the magnetic ions. To answer this question, one needs a qualitative theory that provides a conceptual picture with which to organize and think about experimental observations 6 
We briefly summarize the essential properties of Ŝ and L needed for our discussion. In the (x, y, 
Namely, z L does not change Lz, but  L raises Lz by 1 while  L lowers Lz by 1. If an independent coordinate (x, y, z) is employed for the spin Ŝ , the z direction is the preferred spin orientation by convention. The latter is specified with respect to the (x, y, z) coordinate by defining the polar angles  and  as depicted in Fig. 2 
In evaluating whether or not the SOC-induced interactions between different electronic states vanish, one needs to recall that the orbital states z L , L are orthonormal, and so are the spin states z S , S  . That is,
Selection rules for preferred spin-orientation
Using the (x, y, z) and (x, y, z) coordinates for L and Ŝ , respectively, the SOC
Whether the preferred spin orientation is parallel to the local z-direction (||z) (of the MLn under consideration) or perpendicular to it (z) can be answered by using the above expression. The SOC-induced interaction between two d-states, i and j, involves the interaction energy 
The SOC Hamiltonian 0 SO Ĥ allows interactions only between identical spin states, because
are nonzero. For two states, i and j, of identical spin, we consider the cases when |Lz| = 0 or 1. Then, we find
is maximum at  = 0, i.e., when the spin has the ||z orientation 
Thus, we obtain the predictions for the preferred spin orientation as summarized in Table 1 . In general, the effect of a degenerate interaction is stronger than that of a nondegenerate interaction.
A system with degenerate HOMO and LUMO has Jahn-Teller (JT) instability, and the degeneracy would be lifted if the associated JT distortion were to take place.
10,11
Degenerate perturbation and uniaxial magnetism (Fig. 3a) .
A proper description of the electronic structure of a magnetic ion requires the use of the spinpolarized electronic structure method, [14] [15] [16] in which the energy and shape of d-states are allowed to depend on their electron occupancies. Nevertheless, the essential qualitative features of the spinpolarized electronic structure of MLn can be simulated using the electronic structures derived from an effective one-electron Hamiltonian by simply shifting rigidly the set of up-spin states lower in energy with respect to that of the down-spin states. Thus, the d-states of the high-spin Co
) ion in each CoO6 trigonal prism ( Fig. 3b) can be described by the electron configuration,
2 , in the one-electron picture. 10, 11, 17 Thus, the spin-polarized d-states of the high-spin Co 2+ is written as,
Due to the half-filled degenerate set (xy, x 2 y 2 ), the HOMO and LUMO are degenerate with |Lz| = 0, so the preferred spin orientation is ||z, i.e., along the three-fold rotational axis of the trigonal prism.
Such a magnetic ion exhibits uniaxial magnetism (i.e., Ising magnetism), that is, it has a nonzero magnetic moment   only in one direction in coordinate space. In classical mechanical terms,   is a change of the total energy E with respect to the applied magnetic field H  , i.e.,
. 2 In quantum mechanical terms, this energy change is equivalent to the split of a total angular momentum doublet-state by the Zeeman interaction, for a magnetic ion with L and S, the total angular quantum number J for the spin-orbit coupled ground state is given by
For  < 0, the energy of the J-state increases as J decreases. However, the opposite is the case for  > 0. Since  < 0 for the Co 2+ (d 7 , S = 3/2) ion, J = L + S = 2 + 3/2 = 7/2 for the ground doublet
Let us now examine the uniaxial magnetism that arises from metal ions at octahedral sites by considering the FeO6 octahedra with high-spin Fe 2+ (d 6 , S = 2) ions present in the oxide BaFe2(PO4)2, the honeycomb layers of which are made up of edge-sharing FeO6 octahedra. This oxide exhibits a two-dimensional Ising magnetism. 18 For our analysis of its uniaxial magnetism, it is convenient to take the z-axis along one three-fold rotational axis of an ML6 octahedron (Fig.   4a) . 19 are presented in Fig. 5a and 5b,
respectively. An energy-lowering through SOC is allowed by 
The orbital-unquenched state
but the state , S = 2) ions. 21 Corner-sharing FeO4 square planes are also found in Sr3Fe2O5, in which they form two-leg ladder chains. 22 The d-states of a FeO4 square plane are split as in Fig. 6a , 23, 24 so that the down-spin d-states have only the 3z 2 r 2  level filled, with the empty {xz, yz} set lying immediately above. Thus, between these HOMO and LUMO, with |Lz| = 1 so the preferred spin direction is z, i.e., parallel to the FeO4 plane. 23, 24 A regular MnO6 octahedron containing a high-spin Mn 3+ (d 4 , S = 2) ion has JT instability and hence adopts an axially-elongated MnO6 octahedron (Fig. 6b) . Such JT-distorted MnO6 octahedra are found in TbMnO3 25 and Ag2MnO2. 26, 27 The neutron diffraction studies show that 
Magnetic anisotropy of spin-half systems
First, we consider the magnetic ions with S = 1/2 in which the HOMO and LUMO of the crystal-field d-states are not degenerate. An axially-elongated IrO6 octahedra containing low-spin Ir 4+ (d 5 , S = 1/2) ions are found in the layered compound Sr2IrO4, in which the corner-sharing of the IrO6 octahedra using the equatorial oxygen atoms forms the IrO4 layers with the elongated Ir-O bonds perpendicular to the layer. [31] [32] [33] The neutron diffraction studies of Sr2IrO4 show that the Ir 4+ spins are parallel to the IrO4 layer. 32, 33 With the z-axis chosen along the elongated Ir-O bond, the t2g level of the IrO6 octahedron is split into {xz, yz} < xy. With five d-electrons to fill the three levels, the down-spin states xz and yz are filled while the xy state is empty, as depicted in Fig. 7a . Consequently, |Lz| = 1 between the HOMO and LUMO, so that the preferred spin orientation is z. This is in agreement with experiment and our DFT calculations.
30
CuCl2·2H2O is a molecular crystal made up of CuCl2(OH2)2 complexes containing Cu 2+ (d 9 , S = 1/2) ions, in which the linear O-Cu-O unit is perpendicular to the linear Cl-Cu-Cl unit (Fig. 7b) . 34 The spins of the Cu 2+ ions are aligned along the Cu-O direction, 35 namely, the Cu  has the smallest energy gap with the HOMO, xz (Fig. 7b) . 8 Since |Lz| = 1, the preferred spin orientation is z. To see if the spin prefers the x-or y-direction in the xy-plane, we (Fig. 9a) , which is equivalent to 17 The preferred spin orientation predicted by the value of |Lz| = 0 is the ||z direction. Apparently, this seems inconsistent with the prediction based on J = 1/2. However, a given ML6 octahedron has four different C3 rotational axes, all of which provide equally valid local z-directions. As long as the shape of the ML6 octahedron remains ideal, all directions are equally valid, namely, the system is isotropic.
Let us consider the spin orientation of the S=1/2 ions V 4+ (d 1 ) in the VO6 octahedra of R2V2O7 (R = rare earth), 45 in which each VO6 octahedron is axially compressed along the direction of its local three-fold rotational axis so that its t2g state is split into the 1a < 1e pattern (Fig. 9b) .
With the local z-axis along the three-fold rotational axis of VO6, the HOMO is the 1a state, which is represented by 3z 2 r , which interacts with the LUMO 1e = (1ex, 1ey) states under SOC through their (xz, yz) components. Consequently, |Lz| = 1 and the preferred spin orientation would be z. However, the observed spin orientation is ||z, 46 which has also been confirmed by DFT calculations. 47 This finding is explained if the V 4+ ion has some uniaxial magnetic character despite that the HOMO and LUMO are not degenerate. For the latter to be true, the true ground state of each V 4+ ion in R2V2O7 should be a "contaminated state" 1a, which has some contributions of the 1e and 2e character of its isolated VO6 octahedron, namely,
where  and  are small mixing coefficients. This is possible because each VO6 octahedron present in R2V2O7 has a lower symmetry than does an isolated VO6 octahedron. The VO6 octahedra are corner-shared to form a tetrahedral cluster (Fig. 9b) , and such tetrahedral clusters further share their corners to form a pyroclore lattice (Fig. 9c) . Indeed, the PDOS plots for the up-spin d-states of the V 4+ ions in R2V2O7 show the presence of slight contributions of the 1e and 2e states to the occupied 1a state (Fig. 9d) .
As reviewed above, the magnetic anisotropy S = 1/2 ions can be strong, weak or vanishing 
Conclusion
The uniaxial magnetism and preferred spin orientations of magnetic ions can be reliably predicted by analyzing the |Lz| values associated with their HOMO-LUMO interactions induced by SOC.
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Effect of spin exchange on spin orientation
The Ni 2+ ions of NiO6 trigonal prisms in the NiIrO6 chains of Sr3NiIrO6, which is isostructural with Sr3NiPtO6, show the ||z spin arrangement. 1 This is due to the fact that the lowspin Ir 4+ (d 5 , S = 1/2) ions possess uniaxial magnetism, and that the spin exchange between adjacent Ir 4+ and Ni 2+ ions is strongly antiferromagnetic. 2 The latter requires a collinear arrangement between their spins, and the preference for the ||z spin orientation arising from the degenerate perturbation at the Ir 4+ ion is much stronger than that for the z spin orientation arising from the nondegenerate perturbation at the Ni 2+ ion. 
